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e L Pos i t i ve  Ion Compos it ion i n  t h e  Magnetoionosphere Obtained 

From t h e  E O - A  S a t e l l i t e  

- -  a B S L B A G L  

F i r s t  resu l ts  from t h e  0 6 0 - A  pos i t i ve  ion spectrometer experiment are 

presented for the  period September 23 through December IO, 1964. T h e m 1  

hydrogen and helium ion d is t r ibu t ions  extend from the  lowest observations 

a t  1500 km to an a l t i t u d e  of 30,000 km. The density obtained for H' a t  

3 3 ZOO0 km' is  o f  t h e  order of 10 ions/cm and t h e  He' concentration i s  I% of 

H' over most of the a l t i t u d e  range. While the  concentration and d i s t r i b u t i o n  

- -  + 
of  H observed a t  t h e  lower a l t i tudes  i s  i n  general agreement wi th  theore t ica l  

models, t h e  upper a l t i t u d e  p r o f i l e s  show s ign i f i can t  departure from ex is t ing  ' 

predict ions. Evidence i s  presented which indicates t h a t  d i f f us ion  o f  

cont ro l led  by t h e  geomagnetic f i e l d  and t h a t  t he  ions are d is t r ibu ted  

l i k e  region which exh ib i ts  a sharp gradient r e s u l t  

boundary, which i s  characterized by a reduction i n  

ons i s  

n a be l t -  

ng i n  a 'plateau' at i t s  outer 

both the  H and He' concen- . + 

t r a t i o n s  of a factor  of 10 or more. The ion b e l t  i s  observed to expand and con- 

t r a c t  over an a l t i t u d e  range of 8000 to 30,000 km i n  an inverse re la t ionship wi th  - 
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the magnetic activity index Ap. 

suits and the knee whistler observations as well as with high altitude ionization 

There is significant correlation between these re- *- I 

” 

:- ’L> 

gradients observed from othpr satellites.- Although the data provide some indica- 

tion of a direct coupling between the lower and upper ionosphere, more data will be 

required to adequately describe this relationship. 
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. f ntroduct ioq  

w 

Backaround 

AS 0217 GMT on Septembpr 5, 1964, t h e  f i r s t  Orb i t ing Geophysical Observatory 

I 
, (OGO-A) [Ludwig, 19631 was in jected i n t o  an o r b i t  w i th  an inc l  inat  ion of 31 . I5 de- 

grees and a per iod .o f  approximately 64 hours. The o r b i t  had an i n i t i a l  perigee of 

282 km and an apogee of  149,000 km. The spacecraft- car r ied  two Benne* radio- 

frequency mass spectrometers instrumented t o  measure thermal pos i t i ve  ion composition 

i n  the  mass range from I t o  43 AMU. A photograph of t h e  mass spectrometer i s  shown 

i n  Figure 1 .  One spectrometer was designed t o  measure ions i n  the  range from 

I t o  6 AMU whi le t h e  @her sampled ions in  the  range from 7 t o  45 AMU. The success- 

f u l  oper#ion of t h i s  instrument provides the  f i r s t  opportunity for high resolut ion 

I1 I 

d i r e c t  measurement of pos i t i ve  ion composition from an a l t i t u d e  o f  less than 1000 km 

t o  interplanetary space and beyond the boundary of the  magnetosphere. This paper 

i s  a prel iminary repor t  Of t h e  ]OW mass data obtained for the  three-month period 

from launch through mid-December, 1964. As a r e s u l t  of d i f f i c u l t i e s  encountered 

S 
i n  obtaining v e r i  low a l t i t u d e  data t h e  search for high'mass ion has been g rea t l y  P 

l imi ted,  and accordingly no high mass data are presented. - 
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* Ion SDectrometer Instrument 

The ceramic radio-frequency spectrometers flown aboard OGO-A are s im i la r  i n  

operation to those flown byrTay40r and Br in ton [i96l] and Taylor e t  a1 , E9631 . ~, 

The improved construction techniques and operation of  t h e  spectrometer have 

been described previously Taylor e t  al., 1962j .  However, several basic . *  L - 

features of the  supporting electronics, being more sophisticated, are herein 

described to enable a be t te r  understanding o f  the  measurement, These improve- 

ments inf luence t h e  basic operation of t h e  instrument and the  frequency o f  

data co I lectkjn. 

A block diagram o f  t h e  spectrometer system including appropriate space- 

~@ 
c r a f t  functions i s  shown i n  Figure 2. -The low mass spectrometet’ is a three 

~ stage 5-3 cycle tube w i th  a resolut ion of  0.5 AMU. The high mass spectrometer 

I. i s  a th ree  stage 7-5 cyc le  tube with a resolut ion of I i n  20 AMU. The posi- 

t i v e  ion currents detected by each o f  the  spectrometer tubes are measured 
. 

?io 
byhindependent decade ampl i f ier  systems. Each ampl i f ie r  system covers the  

current  s e n s i t i v i t y  range of  IO-’ to amperes, and provides s i x  simul- 

taneous decade outputs. A synchronous detection system i s  employed which -. 

analyzes the  ac component of  th’e detected ion beam seer it has been modulated 

, ’  

by a !55 cps signal. This prevents t h e  spectrometers frm being sensi t ive to 
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t he  dc e f f e c t  o f  photoemission. In addi t ion t o  t h e  primary signals described 

1. 

above, important parametric voltages are a lso telemetered. 

As shown in  the b l o c k  diagram, an external plate and g r i d  assembly (GI) 

was placed i n  f ront  of t h e  spectrometer system t o  serve as a guard r ing.  The 

potent ia l  on t h i s  r i n g  can be programed by ground canmand t o  levels o f  0, 

-5, -10, 

form f i e  

i o  serve 

t a  i ned w 

and -15 vol ts.  The purpose of the guard r i n g  i s  t o  present a uni- 

d a t  the o r i f i c e  to eliminate f r ing ing f i e l d  i r r e g u l a r i t i e s  and a lso 

as a 'drawing-in'.grid. The data presented in  t h i s  paper were .ob- 

t h  a GI o f  -15 vol ts.  The remaining two voltages t o  be discussed 

are t h e  sweep, Va, and the  retarding potent ia l ,  V,. The sweep i s  a sawtooth. 

wave which provides a negative accelerating potent ia l  used i n  analyzing t h e  

ions. . The duration o f  t he  sweep i s  such t h a t  the same ion i s  sampled once 

each 64 seconds, resu l t i ng  i n  a spat ia l  resolut ion of approximately 300 km 

of a l t i t u d e .  The retarding potent ia l ,  a dc voltage which controls t h e  sen- 

s i t i v i t y  of the  spectrometer, automatically steps t o  a new level once each 

sweep, through a series of four levels. The range o f  these levels can be 

adjusted by ground command, It i s  emphasized t h a t  t h e  data presented - in  t h i s  

paper were obtained wi th  a constent v, range. 
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Addit ional ground comnands a lso provide passive ca l  

I systems, In-f I ight  cal  i b ra t i on  data and voltage monitor 

brat ion o f  t h e  amp 

data indicate t h a t  

7 

i f  i e r  

a f t e r  

5OOO hours of operation, a ) l  c r i t i c a l  voltage levels remain w i th in  laboratory 

c a l i b r a t i o n  specif icat ions, which gives t h e  authors added confidence i n  the re- 

I iab i  1 i t y  o f  t h e  data 'presented here. 

Instrument Location and Orientat ion - As shown i n  Figure 3, t he  experiment was mounted i n  the  Orb i t  Plane Ex- 

periment Package (OPEP) No, I '  which was intended t o  look a t  a l  I times i n t o  the  

o r b i t  plane. Due t o  a f a i l u r e  in  the a t t i t u d e  control  system, however, the space- 

c r a f t  spun about t h e  2 a x i s  w i th  a 12-second period. This f a i l u r e  necessitated 

t h e  t h e  OPEP be 'locked i n '  and remain stat ionary wi th  respect t o  the  space- 

c r a f t  body. I n  t h i s  position, t h e  normal t o  the spectrometer o r i f i c e  makes a 

constant angle o f  approximately 90Owith the spacecraft spin axis. 

tude range covered by the  data, the minimum angle between the  spacecraft ve loc i t y  

For t he  a l t i -  

vector and the  spectrometer o r i f  ice normal var ies from approximately 30' a t  

high a l t i t u d e s  t o  90' a t  perigee. 

Data Coveraae 

This paper i s  concerned wi th  t h e  presentation and discussion of t h e  H+ and 

Hei d i s t r i bu t i ons  for a total o f  I5 passes obta ined during t h e  thrw?nonth per- 
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. 
iod between September 23 and December IO, 1964. During t h i s  per 

t i m e  o f  perigee varied from approximately 0800 t o  0300 hours, wh 

imum snglo between t h o  e a f t p u n  lfne and tha w b l t  plana varIed 

od, t t i~  local 

.I 

l e  t he  min- 

tram 7O to !%ao. 

As a resul t ,  t h e  inbound data were obtained on the  n ight  side o f  t h e  earth, 

, whi le t h e  outbound data were obtained on the day side. 
- 

The phasing between t h e  OGO-A o r b i t  period and t h e  earth 's r o t a t i o n  caused 

data t o  be obtained when t h e  spacecraft was above three d i s t i n c t  grographical 

locations, as i I lustrated i n  Figure 4. These locations, or groups, are ident i -  

. f i e d  wi th  the s tat ions from which the data were obtained. This method of label- 

ing i s  used p r imar i l y  for convenience and does not s p e c i f i c a l l y  associate t h e  

data geophysically wi th  the  location o f  t he  recording stat ion. - 

The g r a v i t a t  ionai influence of the sun and moon on the satel I i t e  o r b i t  ,. 

caused t h e  perigee height t o  increase from 282 km a t  launch t o  approximately 

1000 km by October 7, 1964. As 

1000 km and extend t o  varying a 

Resu I t s  

. Uncorrected Ion Data 

a result,  t h e  data presented were obtained above 

titudes, t h e  highest being 30,000 km. 

A t y p i c a l  example of t h e  ion spectra which were obtained on OGO-A i s  shown 

(Fcg] i n  Figure 5, indicat ing c l e a r l y  the resolut ion t h a t  was obtained. It should be - 
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noted t h a t  the smal 

ference from k i t h  i n  

9 . 
..- 

spikes which appear on the spectrum were caused by in ter -  .. 
+ 

the spacecraft. No ion peaks other than H and He' have 

been observed i n  the  low m s  data stud ied thus far. 

The ion currents I ,  measured 

w t e r  on successive sweeps during 

on October 31, 1964, a t e  p owed 

atsthe co l l ec to r  of t h e  low mass spectro- 

an incoming real t ime pass o f t h e  s a t e l i i t e  
.- 

n Figure 6. 

Smoothed Ion Data 

The scatter i n  the  data points for  both masses i n  Figure 6 i s  caused 

p r imar i l y  by two effects. One e f fec t  r e s u l t s  from the  changing aspect 6f 

t h e  spectrometer o r i f i c e  wi th  respect t o  the  ve loc i t y  vector, caused by t h e  

'spacecraft spin. The second e f f e c t  i s  due t o  t h e  automatic stepping of  t h e  

I 

V, wi th in  the  spectrometer tube. By normalizing the  raw data to (I)  a 

s ing le spin plane aspect angle and (2) a s ing le Vs level, much o f  the scatter 

may be removed from the data points i n  Figure 6. Figure 7 demonstrates the 

techn 

are p 

que used t o  evaluate the magnitude o f  the two effects.  In  t h i s  f igure 

ot ted the H+ 'ion currents for the four Vs levels ' in  the a l t i t u d e  range 

from 2700 km t o  11,500 km on t h e  October 31 pass. The normal t o  the  - spectro- 

meter or i f ice sweeps through an ang le o f  360' i n  the spin plane -during each 

spacecraft spin period. To generate- Figure 7 an a r b i t r a r y  0' d i r e c t i o n  was 
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D .  

chosen for t h e  H+ peak occurring a t  2700 km a l t i t u d e  and the  spin plam8angle . 

10 

-* 
fe la t i ve  t o ' t h i s  d i rec t i on  was calculated f o r  each successive H+ peak. It i s  

apparent from t h  i s  f igure $hat the ion current col lected by the spectrometer 

varied wi th  aspect i n  the  spin plane by approximately a factor of IO. 

same t ime t h e  programed changes i n  internal  spectrometer s e n s i t i v i t y  (V,) 

A t  t he  
> 

I .  

varied the  col lected current by approximately a factor of two. 

Because of the a l t i t u d e  var ia t ion o f  spacecraft veloci ty,  and a t t i t u d e  

and e f f e c t i v e  Vs (discussed later) ,  it was necessary t o  generate curves simi l a r  

t o  Figure 7 for the remainder of the a l t i t u d e  range covered. by t h e  October 31 

o.hA Hef 
@ I data. Figure 8 shows the corrected H2data points obtained by applying these 

techniques t o  the data o f  Figure 6. S m t h  curves have been drawn through the  . .  
+ + corrected H and He points. I t  has been determined t h a t  these curves approxi- 

mate t h e  running averages o f  t he  o r ig ina l  uncorrected points, 

the remaining ion d i s t r i bu t i ons  for both H+ and He+ w l  I I be represented by 

For t h i s  reason 

smooth running averages. 

It may be assumed t h a t  the aspect e f f e c t  is caused.by e i the r  spacecraft 

I /  

ve loc i t y  o r  a directed flow of ions i n  space, The former explanation i s  sup- 

ported by the observation t h a t  the envelope o f  t h e  He+ points i n  Figure 6 i s  

cy*\- - , 
li I 

+ 
wider than the envelope of the H points, as one might expect considering t h e  

,' * *  . 
* . -.. Q.. 



difference i n  mass and 

It has not been detenn 

hence the  ve1oc 

ned t h a t  the re 

t y  of the helium and hydrogen ions. 

a t i v e  angle producing maximum sensi- 

t i v i t y  i n  Figure 7 corresponjs to the pos i t ion of the OPEP for which the  

angle between t h e  spectraneter o r i f i c e  nwmal and the  spacecraft ve loc i t y  

vector i s  a minimum. I f  t h i s  i s  the case, however, t he  previous discussion 

1 

r e l a t i v e  t o  the envelope width Suggests t h a t  t h e  ion temperature i s  i n  the ' * -  :, 

thermal range. 

Another var iab 

spacecraft potent i a 

e f f e c t  

i s  bel 

e which influences t h e  ion current measurements i s  the 

Since Vs i s  referenced t o  spacecraft ground i t s  

J d W  
vejvar ies w i th  any changes i n  the reference voltage. Further, it 

eved t h a t  changing spacecraft potent ia l  may a f f e c t  the cb l l ec t i on  

I 
area of the spectrometer o r i f i c e ,  although t h i s  i s  believed t o  be a minor 

e f fect .  

s e n s i t i v i t y  and pos i t i on  Eohnson, 19583 , there i s  evidence t h a t  t h e  space- 

c r a f t  potent ia l  varied from approximately -15 v o l t s  a t  l o w  a l t i t u d e s  t o  

From analysis of the ion spectra, considering harmonic ion peak 

zero v o l t s  a t  h igh a l t i tudes.  The mechanism suggested as the source fo r  

t h i s  potent ia l  i s  the probe act ion of  t he  exposed pos i t i ve  electrodes - of t h e  

spacecraft so lar  ce l ls .  Since t h i s  negative charge mechanism opposes t h e  

p o s i t i v e  potent ia l  induced by photoemlssion, t he  observed decrease'in neg- 
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i 

a t i v e  spacecraft potent ia l  wi th  a l t i t u d e  i s  consistent wi th  a corresponding . 
decrease i n  ambient ion density. It is  s igni  f icant t h a t  gradients i n  the  

+ + 
H and He currents, such as those shown above 19,OOO km i n  Figure 8, are 

observed repeatedly. Even though t h e  exact magnitudes of these changes are 

d i f f i c u l t  t o  determine due t o t h e  changing influence of spacecraf-t potent ia l ,  

we have no doubt t h a t  t h e  current gradients r e s u l t  from rea l  decreases i n  

amb ient ion density. 

ll ' 
gut rent  t o  Density Conversion 

The precise conversion of raw ion current t o  ambient ion density i s  8 

P E V  

most d i f f icu It prob lem t h a t  has not been adequate I y sol ved . Quant i t a t  i ve 

consideration of t h e  e f f e c t s  of spacecraft potent ia l ,  vehicle velocity, and 

d e t a i l s  o f  t he  spectrometer-plasma interface can only be accomplished when 

these parameters are wel l  understood and completely defined. Such a treatment 

i s  beyond t h e  scope o f  t h i s  preliminary report.  

t imate o f  the ion current-to-ion density convers 

However, t o  obtain a best es- 

on factor an approximate cal-  

cu la t i on  was carr ied out which considered the parameters of spectrometer e f -  

- f ic iency, vehicle ve loc i t y  and orientat ion, and e f fec t i ve  co l l ec t i on  area of  

- 
t h e  spectraneter o r i f i c e ,  This calculat ion yielded the r e s u l t  t h a t  an ion current 

, 

o f  10'' amperes measured a t  the spectrometer col l ec to r  corresponds approximately 

3 t o  an ambient density of i$ ions/cm . Eased upsn ahis rafatence density, CO- 

.) 
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. 
ordinates o f  both ion density (N 

through 12. it should be emphas 

13 I 

1 and ion current ( I , )  are presented i n  Figures 9 

I 

zed tha t  t he  density d i s t r i b u t i o n s  presented I 
I 

, I  i n  these figures have been ,obtained by norma I i z a t  ion and t h a t  a point-by-point 

conversion of  current t o  density has not been performed. 

ion D is t r i bu t i ons  versus A l t i t ude  

A most importanf feature which we have consistent ly observed i n  t h e  upper 

S 
a l t i t u d e  ion d i s t r i b u t i o n h i s  the  presence of sharp gradients which vary in 

a l t i t u d e  between approximately 8000 and 30,000 km. 

these dlsttibutions tend to fa l l  into two general categories, as shown i n  

With respect t o  a l t i t u d e  

Figures 9 and IO. Each o f  these f igures presents H+ and He4 ion data smoothed 

i n  t h e  manner speci f ied for the  data i n  Figure 8. 4 

I 

~ The ion d i s t r i bu t i ons  presented i n  Figure 9 are t y p i c a l  o f  t h e  high a l t i -  . ,  

~ tude data which have been repeatedly observed. These concentrations tend t o  

f a l l  o f f  slowly wi th  increasing a l t i t u d e  u n t i l ,  i n  t h e  range of 25,000 km, I 

t h e  decrease becomes more rapid, resul t ing in ion plateaus near 30,000 km. 

These data were obtained a t  Johannesburg during three incoming nightt ime 

I 
I - 
I 

passes of  the s a t e l l i t e .  On these passes it was possible t o  obtain data 
- 

? 

down t o  perigee a t  approximately 1500 km. 

In  contrast, we have found t h a t  on a comparab ly s igni  f icant number 

of passes t h e  ion plateaus occur a t  comparativeiy low aiTiTudeS, i n  the 



+ -  

range 8000 t o  15 

shown i n  Figure 

. 14 

OOO km. Examples of these lower a 

0. Although t h e  low a l t i t u d e  po r t  

t i t u d e  d i s t r i bu t i ons  are 

ons of these p r o f i l e s  are 

similar to corresponding port ions of the data i n  Figure 9, t h e  outstanding , 

character is t ic  o f  each of these passes i s  t he  dramatic decrease of ion current 

as a function o f  a l t i t ude .  These data were obtained from Rosman during three 
111 ' 

putgoing daytime passes of t h e  s a t e l l i t e .  It was not possible on these passes 

t o  'see' the s a t e l l i t e  below approximately 7000 km and hence data taken below 
- 

t h i s  a l t i t u d e  w i l l  only be obtained by analysis of spacecraft tape recorder 

data 

+ t 
Relat ive Concentrations of  H and He 

As shown i n  Figures 9 and IO the r a t i o .  o f  H+ t o  He+ s cons is ten t  Y 

100 t o  I over most of the  a l t i t u d e  range. In the region near 3,000 km on I 

+ 
October 15 and 23, however, t h e  He current fa1 Is gradual ly  to a minimal level 

' but  increases aga 

by instrumental I 

potent i a I . 

n near perigee. This  decrease does not appear t o  be caused ' 

mi tat ions nor i s  it accompanied by a change in  spacecraft 

Ion Dis t r i bu t i ons  versus Maanetic Coordinates - 

Figures l l  and 12 present t h e  same ion data shown i n  Figures 9 and IO, 

with t h e  v e r t i c a l  coordinate being Mcllnaln's L parameter ra ther  than a l t i -  

Ii 
F13.12 E3 
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I 
I 

I 

tude . 
de f i ned 

. 15 

n add it ion, t h e  ordinate on the r i g h t  o f  Figures I I and 

as the  geomagnetic l a t i t ude  a t  which the corresponding L 

2 i s . X t  

shel l  on the . 

le* ordinate intersects t h a  surface of  t h e  earth, This parameter i s  useful 

when considering the  current theor ies-of  magnetospheric contro l  by means of 

coup1 ing along L she1 I s  of t h e  lower ionosphere t o  t h e  magn8tOSphere. 

1 
JnterDretation 

Corre I a t ion  w i t h  Knee Whistler Observations 

The'ion d i s t r i bu t i ons  shown i n  Figures I 1  and 12, which are t y p i c a l  of 

much of t h e  data, provide a s t r i k i n g  a l b e i t  prel iminary concept of ce r ta in  

character is t ics  o f  the magnetoionosphere. In  genera 1 , t h e  ion d i s t r i bu t i ons  

measured i n  t h  i s  a 

a l t i t u d e  f o l  lowed a t  varying heights by a sudden decrease 

t i t u d e  region exhibit an i n i t i a l  gradual decrease with 

n density. The 

amplitude o f  t h e  decrease or plateau i s  generally observed t o  be a factor 

I' 1 

of I O  or greater, occurring w i t h i n  an a l t i t u d e  range as small as 500 km. 

These general +eatures, which we -have observed in  over 20 hydrogen and 

he1 ium ion current prof  i les obtained from OW-A, are very simi l a i ' t o  the 

cha rac te r i s t i cs  o f  the equatorial electron density p r o f i l e  deduced by Car- 

pentet [I9631 from wh is t l e r  data. The strong co r re la t i on  i n  these data i s  

- , 



+ 
@ i I lustrated i n  Figure 13, i n  which H plateaus of November 2 and November I8 

(Johannesburg) and September 23 (Roman) are p lo t ted  w i t h  a t y p i c a l  knee 

e 
whist ler  p r o f i l e  (Ne) obtained by Carpenter. For simp1 i c i t y ,  the He+ dis-  

t r i b u t i o n s  are not p lo t ted  i n  Figure 13 since on these passes, as well as on 

a I I other passes reported, the He' d is t r i bu t i ons  c losely  para I le1 those of' 

H+. 

It i s  s ign i f i can t  t h a t  very s imi lar  paiterns i n  the d i s t r i b u t i o n  of  

t h e  thermal' ion plasma have been observed by Russian experimenters from ion 

t r a p  measurements on deep space probes Gringauz e t  al., and s a t e l l i t e s  c 
b r i n g a u z  e t  al., 19657 . Furthermore, evidence of a sharp gradient i n  t h e  . 

thermal electron plasma has been reported by Serbu [I9641 f r o m  the Imp-l 
I 

p I asma probe resu I t s  . 
The s i m i l a r i t y  between the Ne and N i  p r o f i l e s  of Figure I3 becomes even 

more s i g n i f i c a n t  when one considers t h a t  the N i  measurements occurred a t  vary- 

ing magnetic la t i tudes (see Figure 41, whi le the Ne curve defines t h e  ion izat ion 

d i s t r i b u t i o n  along the  magnetic equator. This suggests t h a t  t he  character is t ic  

1 .  

features observed i n  the  ion prof i les  are widely d i s t r i bu ted  w i th in  t h e  mag- , 

, 
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netosphere, 

Such ev i dence 

n a manner which i s  strongly contro l led by 

tends t o  support t he  theory t h a t  hydrostat 

17 

the geomagnetic f ie ld .  

c equi l ibr ium ex i s t s  

along magnetic f i e l d  Iines,rand implies t h a t  ion d i s t r i b u t i o n s  measured a t  

d i f f e r i n g  spa t ia l  locations may be compared analy t ica l ly ,  using techniques 

such as those proposed by Angerami 119641 . 
Correlat ion wi th  Maanetic A c t i v i t y  

I Another very important feature o f  Figure 13 i s  t h e  di f ference i n  the L 
i '  

values a t  which the  Ni plateaus occur. It i s  s ign i f i can t  t h a t  for these 

passes the  magnetic a c t i v i t y  index A varies inversely w i t h  t h e  ion plateau 
P 

4 

L values. Again these data agree d i r e c t l y  wi th Carpenter's observation t h a t  

I .. . 
t h e  L coordinate of fhe whis t ler  knee i s  decreased during periods of in- 

I 
creased magnetic a c t i v i t y .  

The apparent co r re la t  ion wi th  magnetic a c t i v i t y  i s  fur ther  supported 

by t h e  ion data col  lected throughout: t he  period September t h r o u d  December, 

1964. For t h i s  period a t u  

processable data i s  avai lab 

al of  15 samples representing a l l  passes fo r  which 

e, and for .which the. exper ime& operating con- 

j . /  
d i t i o n s  are comparable, have been analyzed. For each pass the coordinates - 

of t h e  s a t e l l i t e  a t  which a s ign i f i can t  loss i n  ion current occurred have 

.@ 
been compi led i n  Table I ,  with A f o r  the day o f  t h e  measurement and t h e  

P 
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- 
p r i o r  day. In  analyzing these data it was determined t h a t  t h e  select ion o f  

a two-day sample of Ap provides the best overa l l  correlat ion. 

t h e  p r i o r  day i s  par t icu larJy appropriate since a number o f  the passes were 

The choice of 

recorded during the  e a r l i e s t  hours o f t h e  day speci f ied for the  measurement. 

With the  exception of  t h e  passes recorded on November 16 and November 26, the 

data i n  Table I may be div ided i n t o  groups of  disturbed, moderately disturbed, 

and quiet  magnetic a c t i v i t y ,  for which t h e  coordinates of ion loss consistent ly 

_. 

occur in ‘an inverse re la t ionship t o  the value o f  A . 
P 

The rather’dramatic co r re la t i on  between t h e  magnetic a c t i v i t y  and the  ion 

@& 
d i s t r i b u t i o n s  i s  i 1 lustrated graphical ly in Figure 14. In t h i s  graph t h e  

t r a j e c t o t l e s  of representative passes are p lo t ted as functions of geocentric 

distance, magnetic lat i tude, and L. It should be understood t h a t  i n  this p l o t  

magnetic longitude and local t ime var ia t ions are not considered and t h e  passes 

are p lo t ted  as i f  a l l  t r a j e c t o r i e s  were i n  the  same plane. The curve shown fo r  

each dafe i s  s o l i d  up to t h a t  a l t i t u d e  a t  which the  ion plateau i s  observed, 

I and dashed beyond. 

Three types of passes are shown, providing examples of  data obtained from - 
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Johannesburg and Rosman on the  n igh t  side o f  t he  o r b i t ,  and from Roman on the  

day side. It i s  s i g n i f i c a n t  t h a t  w i th in  each group o f  passes t h e  var ia t ion  o f  

coordinates between passes,is r e l a t i v e l y  small ( less  than 5O o f  la t i tude  and 

IOo o f  longitude), which permits d i rec t  comparison of ind iv ldual  ion d is-  

t r i b u t i o n s  w i th in  a given group. Comparison o f  t he  data shown i n  Figure 14 pro- 
1, I . 

vides c lear  evidence t h a t  w i th in  each pass group the  L coordinate of the  trans- 

i t i o n  from gradual t o  rap id  ion density f a l l - o f f  var ies inverse 

i n  magnetic a c t i v i t y  (see Table I for corresponding A values). 
P 

t i c u l a r l y  pronounced i n  the  two nightside data groups, in which 

ion p r o f i l e s  are obtained on passes which appear to d i f f e r , o n l y  

magnetic disturbance. 

y wi th  

This 

changes 

s par- 

g rea t ly  d i f f e r e n t  

i n  terms o f  

It i s  s i g n i f i c a n t  t h a t  i n  t h e  period from October 23 t o  December IO data 

recorded a t  Johannesburg from passes occurring e igh t  days apart  are character- 

ized, w i th  the  exception o f  November 24, by high a l t i t u d e  plateabs corresponding 

t o  low riiagnetic a c t i v i t y  (see Table '4). Since t h e  o r b i t a l  period o f  the  s a t e l l i t e  

i s  such t h a t  an e igh t  day cycle occurs i n  passes over a -g iven stat ion,  it i s  

natura l  t o  question whether e systematic phasing might develop between the  o r b i t a l  - , 

per iod and changes i n  t h e  magnetic a c t i v i t y ,  which would confuse fu r ther  in te r -  



pretat ion o f  spat ia l  and local t ime effects. Such a p o s s i b i l i t y  i s  c losely 
.. 

4 

re la ted t o  the  observations of  Ness e t  a l .  1965 of a d i rec t  cor re la t ion  1 1 .  
between K and the elght day cycle I n  the passage of sectors of  the Arch- 

P 

imedean sp i ra l  s t ructure of t h e  interplanetary magnetic f i e l d .  Although the  

-- 
quant i ty of ion data avai lab le t o  date i s  nat s u f f i c i e n t  t o  permit an ex- 

tensive examination of such an ef fect ,  t h e  dynamic impl icat ion involved c a l l s  

for a carefu l  analysis of such data a t  t h e  e a r l i e s t  opportunity. 

Loca I Time Vat i a t  ions 

Because o f  t h e  strong association apparent between the magnetic a c t i v i t y  
1’ I . 

and the  ion pro f i les ,  it has not yet  been possible t o  tboroughly separate t h e  

e f f e c t s  of A and local time. However, for a t  least P 

outbound passes obtained during periods of r e l a t i v e l y  

0 pa i rs  of inbound and 

constant magnetic ac- 

t i v i t y ,  t h e  ion d i s t r i bu t i ons  have been ,observed .-“a t o  be qu i te  s imi lar ;  i n  t h e  

major i t y  of  these cases t h e  a l t i t u d e  p l o t s  o f  inbound and outbound H+ and Hef 

ion cur ients  can be superimposed with neg l ig ib le  disagreement. 

+ 
The independence of the  H current p r o f i l e s  of ‘local t ime and magnetic 

longitude var ia t ions i s  also indicated i n  Figure 14. Although locai t ime co- - , 

ordinates are not shown speci f ical ly,  gross local t ime effects, i f  they exist ,  



- 
should be evident i n  a comparison of inbound ( type A) and outbound (type 8) 

i 
p r o f i l e s  obtained on the  same day. I t  i s  c lea r  both from t h i s . p l o t  and from 

+ 
Table 1 t h a t  t h e  inbound and outbound regions of H ion densi ty plateaus occur 

8 .  

a t  s im i la r  1 coordinates even though t h e  local t imes of t h e  inbound and out- 

bound measurements are q u i t e  d i f fe ren t .  

of the  Noverrber 2 and November 10 inbound H+ plateaus was approximately I200 

for t h e  exampte shown the  loca l  time 
, 

! 
: c -  

hours whi le  the  local  t ime of  t h e  corresponding outbound plateaus was appro- i 
I 

ximately ZOO0 hours. I 

i 

. 
Conclusions 

! 
i 
i 

The overa l l  pic-hure gained from these data i s  one of a b e l t  of thermal 

i .  1 

ions which appears t o  expand and contract  w i th  changes i n  magnetic a c t i v i t y .  
I 

There i s  strong evidence t h a t  w i th in  t h i s  b e l t  t h e  d i s t r i b u t i o n  o f  ions is con- 

t r o l l e d  along the  l ines  o f  t h e  geomagnetic f i e ld .  The a l t i t u d e  o f  t h e  sharp 

gradient  which def ines t h e  outer boundary o f  the  b e l t  var ies inversely w i t h  
\ 

magnetic a c t i v i t y  over an a l t i ' rude range of 8000 km t o  30,000 km. Although the  

3 
number densi ty of  IO3 ions/cm inferred for H+ a t  t h e  ZOO0 km level i s  i n  reason- 

. 

abie agreement w i th  t h e  lower a l t i t u d e  por t ions of models proposed by- Johnson 

[I9601 , Bates and Patterson .E963 , and Angerami E9MJ , the  ion dens i t y  

gradients  observed i n  t h e  high a l t i t u d e  regions e x h i b i t  s i g n i f i c a n t  departure 

from ex is t i ng  models. 
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I . 
I 

It i s  s ign i f i can t  t h a t  H+ and He' have been observed from 1500 km t o  

30,000 km and t h a t  t h e  r a t i o  o f  H+ t o  He+ i s  approx 

most of the  a l t i t u d e  range., 

The apparent consistency among the observations 

mately 100 t o  1 over 

o f  ( 1 )  t h e  d i s t r i b u t i o n  

of  ions along magnetic she l l s  (2) t h e  dynamic r o l e  of magnetic a c t i v i t y  and 

(3) the  possible cor re la t ion  wi th var iat ions i n  t h e  interplanetary magnetic 

f ie ld ,  leads t o  the  challenging question of whether the  indicated expansion , 

and contract ion i n  the observed ion b e l t  results from forces act ing both in- I I 

t e rna l  and external to the magnetoionosphere. Certainly the  observed evidence 

o f  geomagnetic contro l  appears t o  support the  argument for d i r e c t  internal  

coup1 ing of t h e  lower and upper ionosphere, as suggested by Angerami [ 19W] . 
Further, t h e  strong la t i tude  gradients i n  t o t a l  ion density a t  1000 km re- 

ported by Brace [ 19653 and by Barr ington e t  a I .  c1965] may possibly be the 

' source of  some of the higher a l t i t ude  H+ and He+ gradients i f  the mechanism 

of  hydrostat ic  flow along f i e l d  I ines .is e f fect ive.  

I f  a case i s  t o  be made for  predominantly internal  -control,  'the strong 

c, 
r e l a t  ionsjp observed between the  ion concentrat ions and t h e  magnetic a c t i v i t y  

seems t o  suggest a mechanism i n  which, during periods o f  magnetic disturbance, 
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c 

some’cornponent of t h e  solar input penetrates t o  comparatively low la t i tude re- 

gions of  the  lower ionosphere. The resul t ing enhanced ion izat ion would then ’ 

populate magnetic she l l s  of  lower L number, resu l t ing  i n  t h e  observed con- 
6 I 

t r a c t i o n  of the  outer boundary of the plasma bel t .  This in terpretat ion seems 

to bear some re la t ionship t o  observation and theory. Akasofu 11962J has ob- 

served t h a t  aurora 1 a c t i v i t y  penetrates toward t h e  equator dur ing magnetic storms; 

Parker b963 suggests a wgnetospheric model which during magnetic si-orms c a l l s  
I 

for dynamic plasma perturbations i n  the L space of  3 t o  5.  
I 

S 
The appl i ca t ion  of  such mechanisrnAto the  in terpretat ion of our resu l ts  I 

3 ‘  

must remain prel iminary u n t i l  a more extensive sample of both ion and magnetic 
I 
I 

data i s  obtained. I t  i s  recognized tha t  a s t a t i s t i c a l  study w i l l  be required I 

I 
I t o  enable a meaningful invest igat ion o f  local time, seasonal, and spat ia l  I 

. parameters required t o  construct a descr ipt ive empir ical model o f  the  

I 

. magnetoionosphere. I 
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F I GURES 

Ion mass spectrometer instrument flown on OGO-A. 

Block diagram of the  ion mass spectrometer system. 

Location of the  ion mass spectrometer instrument on OGO-A. 

Also shown i s  the  spacecraft spin ax is  (Z) .  

Data coverage wi th  respect t o  geographic la t i tude  and longitude. 

Inbound and outbound data obtained during the  same perigee pass 

are i den t i f i ed  by the  le t te rs  A and 8, respectively. 

Photograph of t yp i ca l  hydrogen and helium ion spectra obtained 

Fig. 6. 

Fig. 7. 

Uncorrected hydrogen and helium ion current data obtained during 

the  pass o f  October 31, 1964. Occasional gaps i n  data occur as 

a resu l t  of  signal dropout. 

Uncorrected hydrogen ion current detected i n  t h e  a l t i t u d e  

range 2700 km t o  11,500 km on October 31, p lo t ted  as a function 

of r e l a t i v e  angle i n  t h e  ion spectrometer spin plane t o  demonstrate 

the  e f f e c t  o f  varying aspect. 

the  four Vs levels of  spectrometer senA i t i v i t y  are shown. 

I '  I The currents obtained for each of 
S 

Fig. 8. Smooth hydrogen and helium ion current p r o f i l e s  drawn through 

the  points obtained by applying aspect and Vs correct ions to t h e  

. raw data shown i n  Figure 6. 
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Fig. 9. 

Fig. IO. 

Fig. I I . 

Fig. 12. 

Fig. 13. 

Fig . 14. 

29 

Hydrogen and helium ion d i s t r i bu t i ons  measured during three 

satel  I i t e  passes showing gradual fa1 J-off fol lowed i n  two cases 

by 'plateaus' a t  high a l t i tude.  The high a l t i t u d e  data fo r  

October 15 i s  Incomplete because of  a data transmfsslon loss. 

Hydrogen and helium ion d i s t r i bu t i ons  measured during three 

satel  I i t e  passes showing 'plateaus' a t  l o w  al t i tude.  

Hydrogen and he1 i u m  ion d i s t r i bu t i ons  shown i n  Figure 9 p lo t ted  
1 

as functions o f  McI Iwain's L parameter and x A, the geomagnetic 

' la t i tude a t  which the  corresponding L shel l  intersects t h e  earth. 

Hydrogen and helium ion d 

as functions o f  L andhI. 

Correlat ion between three 

magnetic coordinates and 

Ne determined from whist 

between plateau a l t i t u d e  

Locations a t  which s ign i  

was observed during nine 

s t r ibut ions shown i n  Figure 

Ni plateaus obtained a t  vary 

0 p lo t ted  

the knee i n  the  equator i.a 1 p ro f  i le of 

e t  data.. The inverse re la t ionship 

and A i s  demonstrated. 
P 

icant reduct ion o r  loss o f  H+ current ' 
. 

s a t e l l i t e  passes. The s o l i d  

each curve indicates a region of gradual decrease in. 

wi th  a l t i tude,  while the beginning of the  dashed p o r t  

por t  ion o f  

on current 

on speci f ies 

' t h e  locat ion of rapid decrease i n  current. Magnetic longitude and 

local t ime are not shown i n  de ta i l ,  and each pass i s  p lo t ted  as i f  

it occurred in the same plane. The sun arrow indicates the  genera 

or ientat ion of  t h e  sun during these observations. 
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Table 1 .  Correlation between the coordinates of H+ current loss and 

vdriation i n  the magnetic ac t iv i ty  index Ap. Inbound and outbound 

portions of the same perigee pass are designated A and B respectively. 

. 

.. 
, 
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Suggested short t i t l e  for paper for the heading of the right-hand pages: 

Ion Composition of the Magnetoionosphere 
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